Phosphorus (P) and sulfur (S) in soil and parent material are important in the accumulation of nitrogen (N) and organic carbon (C org ) in soils. In an observational study, the role of P and S in soil development was explored on a small knoll in the Wasatch subalpine summer range of central Utah that had been severely eroded during uncontrolled grazing in the late 1800s. Vegetation, litter, soil, and parent material were sampled along a transect across six strata forming highly visible narrow, concentric rings around the knoll. Even-numbered strata were characterized by large amounts of surface rock and sparse vegetative cover. Odd-numbered strata had less surface rock and visibly greater vegetative cover. Data for vegetation, litter, and soil surface properties displayed highly consistent peak and valley patterns for odd-and even-numbered strata with significant differences for 9 of 10 of these properties between the two strata groups. Organic C, potassium (K), and S of the parent material, and available N (N av ), P (P av ), and S (S av ) and exchangeable K (K ex ) of the 0-to 15-cm soil layer also displayed peak and valley patterns. Multiple regression of herbage yield on C org and S of soil parent material, and P av and (K ex ) of the solum gave high R 2 s of 0.94 and 0.93. Multiple regression of grass yield on C org and K ex of the 0-to 15-cm soil layer had R 2 = 0.95. Based on results, the hypothesis that P of the parent material has influenced soil and plant development of these strata was rejected. The data subtly suggest that sulfur may play a key role in the development of these soil-plant systems. Stipa lettermanii Vasey and Cymopterus lemmonii Welch were strongly, but oppositely, correlated with most attributes studied, thereby suggesting these species may play important indicator roles of soil-vegetation development.
In the subalpine zone of the Wasatch Plateau, central Utah, the human part of the biotic factor (Jenny 1980) seems to have been the overriding influence in the present condition and successional status of this summer range. After 35 years of destructive overgrazing by cattle and sheep in the late 1800s, these ranges were left in extremely poor condition (Reynolds 1911, Sampson and Weyl 1918) . Erosion became so severe over much of the plateau that most of the soil A horizon was lost, and the vegetation had reverted to an early successional stage (Sampson 1919) . Ninety years after grazing was first controlled, the range, though much improved, is not yet stable. Disturbance, though greatly lessened, is still present. The extent of degradation was not uniform over the entire summer range (Sampson and Weyl 1918) , and recovery has not been uniform. Other state factors (Jenny 1980) , especially topography and soil parent material, seem to have strongly influenced not only the extent of degradation in soils and vegetation but also the extent of subsequent recovery. Topography and soil parent material have differentially influenced successional status and productivity of specific soilplant systems.
This study of soil-vegetal-parent material relations may explain strongly developed soil surface and vegetal patterns observed on a small knoll on this summer range. The hypothesis was that phosphorus (P) and sulfur (S) contents of contrasting parent materials, and their derived soils have been major factors controlling soil and vegetation development on this knoll (Walker 1956, Walker and Adams 1958) . In turn, contrasting soil-plant systems that developed on those parent materials have responded differently to degradation caused by sheep grazing from 1870 until 1905 and the pathways of secondary successional that began thereafter with the regulation of grazing. These relations may have important implications for managing the summer range, especially if contrasting systems are distinctly different in site potential.
The study area was a small knoll on the Wasatch Plateau east of Ephraim, Utah, near the head of Manti canyon and just southwest of Snow Lake (39 o 14'N., 111 o 27' W.). The Wasatch Plateau is long, narrow, and oriented approximately north to south along the crest of the Wasatch Range with riblike ridges extending east and west. The plateau is about 3150 m elevation, gently rolling to nearly level, and dotted with knolls and small mountains. Slope gradient varies from nearly flat to about 35 percent for herbaceous communities and up to 65 percent for timbered sites on north-facing slopes.
Soil parent materials are of the Flagstaff limestone (Stanley and Collinson 1979) that crops out over about 7200 km 2 in central Utah. 1 The dominant lithology is freshwater lacustrine limestone and calcareous shales with minor interbeds of sandstone, oil shale, conglomerate, gypsum, and volcanic ash (Weber 1964, see footnote 1). Soils are mostly fine, mixed Argic Cryoborolls, but lithic, pachic, and vertic Cryoborolls also are locally present.
Introduction
Average annual precipitation is about 840 mm; two-thirds of this occurs as snowfall between November and April. Precipitation averages only 173 mm during summer (June through September), but it ranges considerably. Mean annual temperature is about 0 o C (Ellison 1954) .
Vegetation is chiefly herbaceous, but small patches of Engelmann spruce (Picea engelmannii Parry ex Engelm.) and subalpine fir (Abies lasiocarpa (Hook.) Nutt.) (plant nomenclature follows Holmgren and Reveal 1966) dot the landscape, especially on steep northerly exposures of east-west ridges and knolls. Because there are no apparent remnants of the original vegetation, opinions differ regarding successional status of present vegetation and character of the pristine vegetation. Ellison (1954) describes the original plant community as mixed-upland herb dominated by tall forbs, whereas Sampson (1919) considers wheatgrasses to be the primary species of the herbaceous climax (that is, what he merely refers to as summer range). Our recent research (Klemmedson and Tiedemann 1994) tends to support Sampson's thesis.
The small knoll at Snow Lake is typical of many knolls on the plateau. It occupies about 18 ha at the base and rises about 20 m to a nearly flat crest of 5 to 10 ha. On the sloping south and west exposures, narrow bands or strata forming concentric rings around the knoll are clearly evident below the crest of the knoll ( fig. 1 ). The narrow bands or strata are an obvious expression of degraded communities (midseral at best) occupying highly eroded soils associated with contrasting layers of sedimentary rock. The dip of the sediment layers across this part of the plateau is very slight, as readily observed on steep cut and eroded surfaces nearby, hence the sedimentary layers or strata at the study site appear as nearly horizontal concentric rings around the knoll. Six strata were sampled to investigate soil-vegetation-parent material relations associated with the observed pattern. The first five strata were adjacent to each other; the stratum between strata 5 and 6 was omitted because of extreme heterogeneity within. The lateral distance across each stratum averaged 10.4 m. Slope gradient ranged from 12 to 16 percent, for strata 1-5, whereas that for stratum 6 near the top of the slope was 7 percent. Single soil pits were excavated midway between the upper and lower visual boundaries of each stratum along a transect that extended perpendicular to the contour on the southeast aspect (S. 30 o E.) of the knoll. Soil profiles were described by standard terminology, and samples of known volume were collected of each horizon (three to five per pit). Grab samples of parent rock (either the C or R horizon) also were collected from each pit.
Herbage and litter in each stratum were sampled in four 0.5-m 2 plots randomly located each of 2 years. Foliar cover was visually estimated by species; mass of grasses, forbs, and litter were determined by harvesting each component separately, followed by ovendrying (70 o C) and weighing. For chemical analyses, soils were airdried, sieved to remove coarse fragments (> 2-mm diameter), then ground to pass a 0.15-mm sieve. Parent material samples were pulverized, ground to pass the 0.15-mm sieve, then analyzed in the same manner as soils. Samples were analyzed for total carbon (C) by dry combustion (Nelson and Sommers 1982) in a LECO highfrequency induction furnace (Leco Corp., St. Joseph, Missouri).
3 Organic C (C org ) of soils was determined by difference after determining carbonate with a gasometric method (Dreimanis 1962) . Total nitrogen (N) was determined with semimicroKjeldahl (Bremner and Mulvaney 1982) and total S by dry combustion in the LECO high-frequency induction furnace (Tiedemann and Anderson 1971). Soil total P (P tot ) was determined by using ascorbic acid color development (Olson and Sommers 1982) after hydrofluoric acid digestion (Bowman 1988) . Inorganic P also was determined with the ascorbic acid color development on samples ignited at 550 o C for 2 hours (Olsen and Sommers 1982), and organic P (P org ) was determined by difference between P tot and inorganic P. Cations were determined by inductively coupled plasma emission spectroscopy (Barnes 1977) after extraction with perchloric acid digestion for total cations (Johnson and Ulrich 1959) and ammonium acetate for exchangeable cations (Thomas 1982) . Available nutrients were determined as follows: P by ascorbic acid color development following 0.5 m sodium bicarbonate extraction (Olsen and Sommers 1982) , N by steam distillation of 2 N KCl extracts (Keeney and Nelson 1982) , S with 1:1 water extracts, followed by ion chromatography (Dick and Tabatabai 1979) .
The use of trade or firm names in this publication is for reader information and does not imply endorsement by the U.S. Department of Agriculture of any product or service.
Methods

Results and Discussion
Data were analyzed with graphic analysis, t-tests, linear regression, and correlation. Arcsin transformations were used for percentage data. Limited scope and lack of opportunity for replication in this observational study severely restricted more sophisticated analyses. To facilitate comparison among strata and simplicity of analysis, data for individual soil horizons of each soil pit were pooled and expressed for the 0-to 15-cm soil layer and for the entire solum. Because most profiles were only 20 to 30 cm deep and stony in the subsoil, these two values usually did not differ greatly. Most results for soils are expressed in terms of the surface 15 cm of soil.
Profiles for the six strata were similar, differing chiefly in depth of the A horizon, number and soil structure of horizons within the B, and amount and kind of coarse fragments (table 1). The following brief description for profile 3 was typical:
A-0 to 3 cm; very dark grayish-brown gravelly, silty clay loam; weak, fine granular structure; 15 percent gravel, 2 percent cobbles.
Bt1-3 to 13 cm; dark brown gravelly, silty clay loam; strong, medium subangular blocky structure; 20 percent gravel, 5 percent cobbles.
Bt2-13 to 38 cm; dark brown gravelly, silty clay loam; moderate, medium prismatic to strong, medium subangular blocky structure; 20 percent gravel, 5 percent cobbles.
Bk-38 to 56 cm; dark yellowish-brown, very gravelly, silty clay loam; moderate, fine angular blocky structure; 20 percent gravel.
R-Limestone bedrock. The cyclic pattern of horizontal strata on the hill slope of the Snow Lake knoll that was so readily observed from a distance ( fig. 1 ) is just as apparent in graphic display of vegetal and soil surface characteristics portrayed in figures 2-5. Of the nine attributes displayed in these bar graphs, all but one (yield of forbs, fig. 2 ) show a consistent alternating peak and valley pattern proceeding up the slope. Using t-tests, we can reject the hypothesis that odd-and even-numbered strata were equivalent for these eight attributes (P-values ranged from 0.05 to 0.001). Based on herbage yields, litter mass, cover of litter, bare ground, and rock (figs. 2-4), it is apparent that odd-numbered strata have far greater productivity than even-numbered strata ( fig. 6 ). Large amounts of surface rock (> 60 percent) in even-numbered strata portrayed relative rockiness of the underlying soil profile as well, and strongly hinted of the extent of soil lost through erosion. Estimates of 50 to 85 percent loss of the A horizon from a nearby area of flat topography (Klemmedson and Tiedemann 1994) are probably conservative for this hill slope. For these strata, soil A horizons ranged from 1 to 5 cm thickness. The extremely rocky even-numbered strata had higher percentages of coarse fragments (channers, flagstones, and cobbles) than adjacent odd-numbered strata (mostly gravel) and were described as clayey-skeletal and lithic in their classifications. Interestingly, odd-numbered strata with lower amounts of surface rock (< 25 percent) had high percentages of bare ground (62 to 72 percent). Thus, the absolute amount of bare ground plus rock exceeded 56 percent for all strata.
Cyclic Pattern in Vegetation and Soil Surface
Of the 17 plant species found in the six strata (table 2), 4 were grasses and 13 were forbs. Grasses dominated the odd-numbered, high-yielding strata, whereas forbs dominated even-numbered, low-yielding strata. Only five species, two grasses (Agropyron trachycaulum (Link) Malte. and Stipa lettermanii Vasey) and three forbs (Achillea millefolium L. ssp. lanulosa (Nutt.) Piper, Cymopterus lemmonii Welch, and Lesquerella utahensis Rydb.), were present in all strata. Of these, S. lettermanii and C. lemmonii were negatively associated ( fig. 5 ) and highly correlated (positively or negatively) with several variables discussed in figures 2-4. The other 15 species showed little or no relation to these variables.
Parent MaterialVegetation Relations
Figure 7-Pattern of nutrient concentration in single parent material samples for six strata on Snow Lake knoll.
To investigate the hypothesis, we graphed concentrations of several parent material elements for each of the six strata ( fig. 7 ). Only potassium (K), S, and C org followed the peak and valley pattern shown in figures 2-5 for vegetal and soil surface properties. Pursuing this route, vegetal attributes of the strata were related with these and other chemical properties of the parent material by correlation analysis (table 3) . Herbage yield was significantly (P < 0.10) correlated only with concentration of S, and yield of grasses was correlated (P < 0.10) with N and S. The multiple-regression equation relating herbage yield with C org and S was highly significant (P < 0.014, regression coefficient [R 2 ] = 0.94). Standard partial regression coefficients indicated that S (0.68) was a slightly more important estimator of herbage yield than C org (0.61). Multiple regressions relating grass yields with N and S, or other variables of the parent material, were not significant.
Based on correlation analysis, concentration of parent material nutrients had little influence on composition of the two key plants, S. lettermanii and C. lemmonii (table 3) . Correlation coefficients (r) between composition of C. lemmonii and parent material nutrients were all negative; only that for S was significant (P < 0.10). 8) were found for the same nutrients in the entire solum (data not shown), and for other nutrients; for example, C org , S, and P. When grouped, however, odd-and even-numbered strata did not differ significantly for soil properties. Relating plant attributes with surface soil (0 to 15 cm) nutrients across the six strata by simple correlation produced interesting results. Yield of total herbage and grasses, and S. lettermanii composition were highly correlated (correlation coefficients > 0.79) with P av , S av and K ex , and C org concentration of the surface soil (table 4). Similarity of r values among these nutrients is expected because of high multicollinearity (r > 0.98). By contrast, yield of forbs and composition of C. lemmonii were not significantly correlated with any of the nutrients (table 4). Yield of grasses and composition of S. lettermanii also were highly correlated (r = 0.98), hence the similarity of r values for a given nutrient with these two vegetal attributes. 
Soil-Vegetation Relations
Regression analysis showed that nutrients of the solum explained more variance for total herbage yield, whereas nutrients of the 0-to 15-cm soil layer accounted for more variance for yield of grasses. Linear regression relating herbage yield with P av and K ex of the soil profile was significant at P < 0.02 and R 2 = 0.93. Standard partial regression coefficients showed K ex was the more important of these two variables. Yield of grass was significantly predicted (P < 0.012 and R 2 = 0.95) by C org and K ex of the 0-to 15-cm soil layer. Based on standard partial regression coefficients, C org was the more important variable here. We are cautious in attributing significance to any one nutrient because of multicollinearity among nutrients. Available S (S av ), however, may be an exception. Although it did not appear in the above regressions, because of high correlation (r > 0.99) with C org in surface soils and K ex in the solum, we suspect it may play an important role in development of these soil-plant systems. Like P, S plays a key role in soil C and N accumulation (Walker and Adams 1958, Williams and others 1960) . The nutrient, S av , was usually significant when included in regressions, especially for yield of grasses.
The most striking finding of this study was the strong negative association between S. lettermanii and C. lemmonii and the high, but opposite, correlation between composition of these two species and so many soil and site attributes of the study site (table 5) . This negative association between the two species also was shown earlier for nutrients of the parent material (table 3) , with the exception of P tot . These results suggest high indicator value for both species. Stipa lettermanii clearly occupied strata with greater productive capacity, whereas C. lemmonii was found on rocky strata with shallow soils low in nutrients. The two strata groups (odd-and even-numbered) seem to have different plant production potentials and to be on different seral paths. The negative relations between available soil nutrients and percentage composition of C. lemmonii suggests that this plant is well adapted to nutrient-limited soils that may occur in secondary succession on infertile soils (Gleeson and Tilman 1990, Redente and others 1992) , but more characteristic of early primary succession (Crocker and Major 1955, Olsen 1958) . In contrast, S. lettermanii seems more sensitive to nutrient availability as indicated by its positive relation to C org , P av , S av , and K ex . This species seems indicative of a higher seral stage than C. lemmonii, but this is conjecture and needs to be supported by further study.
Results of this study demonstrated highly consistent cyclic patterns of vegetation, soil, and parent material properties across six horizontal strata, thereby suggesting a strong impact of parent material on soils and vegetation. The results, however, do not support the hypothesis that P of the parent material has influenced soil and plant development. The data do subtly suggest that S may play a role in soil and plant community development, and this hypothesis should be examined more closely. Large amounts of surface rock and bare ground, even on strata with highest pro-ductivity, reveals much about the history of degradation before control of grazing and the productive potential of this hill. It suggests the hill site was subjected to extensive erosion during the period of unregulated grazing, that restoration has been extremely slow, and site stability has not been reestablished after nearly 90 years of regulated grazing.
The soil-vegetal-cover relations of these sites, especially even-numbered strata of low productivity, suggest the need to regulate grazing on this and similar sites to assure that recovery is not impeded and that no further degradation occurs.
Two prominent species, S. lettermanii and C. lemmonii, were strongly, but oppositely, correlated with most attributes studied, thereby suggesting important indicator roles of soil-vegetation succession. Positive relations between S. lettermanii and P av and S av of the soil indicate that amendment with these elements may favor succession toward dominance of grasses. Previous research (Klemmedson and Tiedemann 1994) tends to support this speculation. Although fertilization is probably not an economically feasible option, further study may be warranted, particularly for sites that are severely deteriorated and actively eroding.
